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Abstract

The development of human induced pluripotent stem cells (hiPSC) has greatly aided our ability
to model neurodegenerative diseases. However, generation of midbrain dopaminergic (mDA)
neurons is a maor challenge and protocols are variable. Here, we developed a method to
differentiate hiPSCs into enriched populations (>80%) of mDA neurons using only small
molecules. We confirmed the identity of the mDA neurons using single-cell RNA-sequencing
and detection of classica markers. Single-cell live imaging demonstrated neuronal calcium
signalling and functional dopamine transport. Electrophysiology measures highlighted the ability
to form synapses and networks in culture. Patient-specific hiPSC lines differentiated to produce
functional mDA neurons that exhibit the hallmarks of synucleinopathy including: aggregate
formation, oxidative stress as well as mitochondrial dysfunction and impaired lysosomal
dynamics. In summary, we establish a robust differentiation paradigm to generate enriched
mDA neurons from hiPSCs, which can be used to faithfully model key aspects of Parkinson's
disease (PD), providing the potential to further elucidate molecular mechanisms contributing to

disease devel opment.
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GIRK2 = G protein-activated inward rectifier potassium channel 2
hiPSC = Human induced pluripotent stem cells
MDA = Midbrain dopaminergic

NPC = Neuronal precursor cell

Nurrl = Nuclear receptor related-1 protein

PD = Parkinson’s disease

ROCK = Rho-associated protein kinase

ROS = Reactive oxygen species

SHH = Sonic hedgehog

SIM = Structured illumination microscopy
SNCA = Alpha-synuclein gene

TH = Tyrosine hydroxylase

Wntl = Wingless-intl
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I ntroduction

Parkinson’s disease (PD) is a progressive neurodegenerative disease characterised primarily by
the loss of dopaminergic neurons in the substantia nigra in the midbrain (Poewe et al., 2017).
Studying the mechanisms that contribute to disease is of immense importance, but has been
somewhat limited by a paucity of relevant human models. The development of human induced
pluripotent stem cells (hiPSCs) from patients with familial forms of PD has vastly improved our
capability to model and study PD and offers a complimentary approach in a more relevant
human model. Following developmental cues, hiPSCs can be patterned into region-specific parts

of the brain, including the midbrain.

During in vivo development, gradients of various morphogens result in the activation of different
key transcription factors, which dictate, and define the cytoarchitecture of different regions of the
brain. Upon the formation of the neural tube, midbrain dopaminergic (mMDA) neurons, which
form the substantia nigra emerge from the ventral mesencephalic floor plate (Marin et al., 2005;
Ono et al., 2007). Their development is dependent on key signalling centres including the floor
plate and the isthmic organiser. At the floor plate, a high concentration of the morphogen Sonic
hedgehog (SHH) is established, which is essential for mDA neurogenesis (Arenas et al., 2015).
In addition, MDA neurogenesis also depends on the presence of the key morphogens, Wntl
(wingless-intl), and FGF8 (fibroblast growth factor 8) from the isthmic organiser, located at the
midbrain/hindbrain boundary. Together, these morphogens provide the essential cues to induce
developmental programmes that ‘pattern’ the cells to the ventra mesencephalon (MDA

progenitors), which subsequently differentiate to yield mDA neurons (Arenas et al., 2015).
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Since the discovery of hiPSCs, several protocols have been developed to specify midbrain
dopaminergic (mDA) neurons, the cell type primarily vulnerable in PD (Doi et al., 2014;
Kirkeby et al., 2012; Kriks et al., 2011; Nolbrant et al., 2017). These protocols mimic in vivo
developmental programmes, inducing neuronal induction via dual-SMAD inhibition (Chambers
et al., 2009), and activating SHH, Wnt, and FGF signalling through the use of small-molecules
and/or recombinant morphogens. The resulting cells are molecularly defined based on the
expression of key genes and proteins, as well as functional and physiological characteristics
resembling in vivo mDA neurons (Hartfield et al., 2014). However, the efficiency of mDA
neuron production is highly variable (10-70%) following current differentiation protocols
(Marton and loannidis, 2019). Furthermore, differentiation protocols are often expensive due to
the use of recombinant protein factors, to pattern and differentiate cells, and take a long time to

yield high purity mDA neurons.

At a molecular level, the insoluble aggregated forms of alpha-synuclein (coded by the SNCA
gene) are a common hallmark of sporadic, and familial forms of PD (Choi and Gandhi, 2018).
Using hiPSC-derived mDA neurons to model alpha-synuclein pathology is thus vital to increase
our understanding of the underlying mechanisms of pathology. Generation of a hiPSC line from
a patient with early onset PD, and a triplication in the SNCA locus was shown to have elevated
levels of the alpha-synuclein protein (Devine, Ryten, et al., 2011). We have previously shown
that the triplication of SNCA locus results in an increase in apha-synuclein oligomers, which
interact with ATP synthase, causing mitochondrial dysfunction and resulting in the opening of
the mitochondrial transition permeability pore (PTP), which causes neuronal death (Ludtmann et

al., 2018). Similarly, a point mutation in SNCA (A53T) causes early onset, progressive PD
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(Spira et al., 2001). A53T hiPSC-derived neurons have been shown to have an increase in
nitrostative, and ER stress (Chung et al., 2013), as well as an increase in endogenous alpha-

synuclein and an increase in mitochondrial dysfunction (Zambon et al., 2019).

As current protocols result in terminally differentiated mDA cultures of variable enrichment
(Marton and loannidis, 2019), this often hampers the ability to identify cell type specific
phenotypes. Recently, enrichment of only tyrosine hydroxylase (TH) positive hiPSC-derived
MDA neurons has discovered new disease mechanisms in glucocerebrosidase (GBA) linked PD
(Lang et al., 2019), highlighting the need for higher enrichment of mDA cultures. Thus, we
aimed to establish a protocol to obtain highly enriched mDA neurons and test their capacity to
faithfully model key aspects of PD pathogenesis as well as identify early phenotypes. We
developed a protocol to differentiate hiPSCs into highly enriched mDA neurons (>80%), which
are functional and electrically mature. We demonstrate thisis a relevant model for PD pathology,
as AG3T and SNCA triplication lines displayed common apha-synuclein related pathology.
Moreover, our protocol is more economically favourable as it does not rely on recombinant

proteinsto differentiate hiPSCsto mDA neurons.
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Materialsand Methods

Detailed material and methods can be found in the supplementary material

Human induced pluripotent stem cell culture

Human induced pluripotent stem cells (hiPSCs) were maintained in feeder-free monolayers on
Geltrex (ThermoFisherScientific) and fed daily with Essential 8 medium (Life Technologies).
When confluent, hiPSCs were passaged using 0.5 uM EDTA (Life Technologies). All cells were

maintained at 37°C and 5% carbon dioxide.

Data availability

The data that supports the findings of this study is available by contacting the corresponding

authors upon reasonabl e requests.

Table 1. Electrophysiological effects observed in mDA neurons

Electrophysiological effect Ctrl 1 Ctrl 2 Ctrl3 | SNCA x3
AP generation in response to voltage step X X X X
Single-channel NM DA receptor activity X X X
Stimulation-evoked changes of Cp, X X X
GABA-ergic spontaneous activity X
APs evoked by field stimulation X X
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Results

Generating an enriched population of mDA neuronsfrom hiPSCs.

To generate MDA neurons, we first treated hiPSC lines from healthy controls with the previously
reported dual SMAD inhibition (Chambers et al., 2009) for neural conversion. Lineage
restriction towards the midbrain was achieved by treating our cultures with small molecule
agonists of SHH and WNT, purmorphamine and CHIR99021 respectively (Fig. 1A). After 14
days of the induction, we confirmed mDA neural precursor cell (NPC) identity by first, profiling
the expression of mDA NPC marker genes LMX1A, FOXA2, and EN1 by RT-PCR, which
revealed clear increases in expression (Fig. 1B) (p < 0.005). We then demonstrated an increased
protein expression of the midbrain NPC markers LMX1A and FOXA2, as well as the
diencephalon marker OTX2 using immunocytochemistry (ICC) (Fig. 1C). Quantification of cells
co-expressing all three markers showed an enriched culture of mDA NPCs of approximately
85% across all lines (Fig. 1D) (Ctrl 1: 83% + 3.5, Ctrl 2: 81.4% + 2.4, Ctrl 3: 88.7% + 3.1, Cirl
4. 88.4% + 2.2). After midbrain patterning, NPCs were maintained in culture for four days
before terminal differentiation, in order to increase their confluence. Differentiation of NPCs was
achieved using a Notch pathway inhibitor and a Rho-associated protein kinase (ROCK) inhibitor,
encouraging cell cycle exit and cell survival respectively. The expression of the mature mDA
marker TH increased during terminal differentiation, achieving approximately 75% of TH
positive cells after 3 weeks (p < 0.0001) (Fig. 1E). At this stage, we quantified the proportion of
TH positive cells using two approaches. Firstly, quantification via ICC showed that
approximately 75-80% of DAPI positive cells expressed TH (Fig. 1F, 1G) (Ctrl 1: 82.1% + 3.8,
Ctrl 2: 73.1% + 6.9, Ctrl 3: 77.9% * 3.2). Secondly, using flow cytometry (see materials and

methods section), we found that the proportion of cells expressing both TH and B-111 Tubulin
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was measured to be approximately 88% (Fig. 1H, Fig. 1I) (Supplementary Fig 1A, 1B) (88.8% +
1.9). Overall the data confirms high differentiation efficiency into neurons, and specifically into
TH positive neurons, up to 80-90% of the whole culture, with comparable efficiencies across 3
control hiPSC lines. To verify the maturity of the TH positive mDA neurons, gPCR for mDA
specific genes (nuclear receptor related-1 protein (Nurrl), G protein-activated inward rectifier
potassum channel 2 (GIRK?2), and the dopamine transporter (DAT)) was performed in mDA
neurons 3-4 weeks post terminal differentiation. We demonstrated an increase in the expression
of all these genes relative to midbrain NPCs (Supplementary Fig. 1C). GIRK2 expression was
further confirmed by ICC using a knockout validated antibody. GIRK?2 is highly expressed in
dopaminergic neurons in the A9 region of the midbrain (typical of the substantia nigra),
confirming the identity of the TH positive neurons further (Supplementary Fig. 1D).
Interestingly, we observed a nuclear and cytosolic signal using the GIRK2 antibody, both of
which were abolished on applying the antibody incubated with the control GIRK2 antigen

(Supplementary Fig. 1E).

In order to further validate neuron identity, we performed single-cell RNA-seq on mDA neurons
after 4 weeks of differentiation (day 48 from hiPSC). The cells were clustered into identities
based on their transcriptional profiles. Clustering of all grouped control mDA neurons revealed
13 clusters, of which 7 expressed key mDA neuron genes, suggesting they are mDA neuron in
identity (Fig. 1J) (Supplementary Fig. 2A). The 7 mDA neuron clusters expressed key mDA
genes including GDNF receptor (GFRA1), NURRL, SOX6, PBX1, TH, GIRK2, NURR1, DDC,
which suggests that most of the cells captured are of mDA identity, and are abundant within the

culture (Fig. 1K). Interestingly, within the data we also detected several clusters which appeared
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to be similar to MDA NPCs, or early neurons (5 clusters) (Supplementary Fig. 2B). These
clusters expressed key NPC markers like FOXA2, LMX1A, OTX2, FGF8, SHH, and also
expressed mDA neuron markers like GFRA1L, DDC, NURR1, TH, GIRK2 (Supplementary Fig.
2B, 2C). In addition, most clusters expressed SNCA highlighting the potential to use the protocol
as a model of synucleinopathy (Supplementary Fig. 2D). Taken together, our analysis suggests
that the majority of the cell culture are MDA neuron in identity, or mDA NPC like, on courseto

differentiate to mDA neurons.

Functional characterisation of differentiated mDA neurons.

In order to test the functional properties of the neurons, we first determined whether they
expressed voltage gated calcium channels, which are expressed in neurons and not astrocytes.
Opening of calcium channels is achieved using a high concentration of KCl (50mM), which
depolarises the plasma membrane resulting in alarge influx of calcium into the neurons. Neurons
were loaded with the calcium indicator Fluo4-AM, and 50mM KCI was applied to the culture
(Fig. 2A, Fig. 2B) (Supplementary Fig. 3A). We demonstrated a Ca®* signal induced by KCl in
all cultures as early as 2 weeks post differentiation. The proportion of cells responding to KCI
was 65% after 2 weeks, increasing to over 85% after 5 weeks of differentiation (Fig. 2C) (2
weeks = 65.5% £ 5.7, 3weeks = 73.1% £ 2.3, 4 weeks = 73.2 £ 1.7, 5weeks = 88.6% + 1.8, p =
0.0075). Furthermore, we observed the calcium efflux, as shown by the decay of the calcium
signal, was significantly altered over time in culture, presumably reflecting maturation of the
efflux pumps (Fig. 2A) (Supplementary Fig. 3B). A major characteristic of mature neurons is
their spontaneous calcium activity. Oscillations of Ca?* have been shown to be a key hallmark of
mDA dopaminergic neurons in the substantia nigra, which contributes to their pace-making

characteristic (Guzman et al., 2009). We similarly observed spontaneous calcium fluctuationsin
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neurons after 3 weeks of differentiation, as shown using single cedll imaging of fluo-4 labelled
neurons (Fig. 2D). This suggests that our mDA neurons are functional, and spontaneously
oscillate calcium.

We next investigated the function of the DAT by measuring the uptake of the fluorogenic DAT
substrate FFN102 (FFN), which enters cells through DAT (Rodriguez et al., 2013). When
incubated with the dye, followed by a wash, the dye can be seen insde mDA neurons
(Supplementary Fig. 3C). We show a basal uptake of FFN in neurons which is further activated
upon KCl induced calcium influx in the magjority of neurons (Fig. 2E, Fig. 2H) (cells activated by
KCl = 79.5% £ 2.5). Inhibition of the DAT using the compound nomifensine resulted in a
significantly reduced basal uptake rate of FFN into neurons (No treatment = 1.00 + 0.00,
Nomifensine = 0.53 £ 0.05, p = 0.0024), as well as a reduced KCI stimulated spike (Fig. 2F, Fig.

2G) (Supplementary Fig. 3D). This suggests that our mDA neurons express functional DAT.

Electrophysiological characterisation of differentiated mDA neurons.

To obtain functional eectrophysiological characteristics of the generated mDA neurons, we
performed a series of experiments, targeting single-channel, single-cell and neuronal network
effects (Fig. 3). Our first experiment confirmed the presence of action potential (AP) generation
machinery activated by depolarizing voltage step, with the classical tetrodotoxin (TTX)-sensitive
voltage-gated sodium channd involvement (Fig. 3A). Secondly, we confirmed the presence of
excitatory NMDA receptors. 10mM glutamate + 10mM glycine added to the perfusion solution
triggered single-channel openings in outside-out patches pulled from cell somata; further
application of 50mM APV (selective antagonist of NMDA receptors) fully suppressed this effect
(Fig. 3B). Thirdly, we tested whether our cultured neurons have a functional presynaptic

neurotransmitter release system. To do this, we recorded changes in cell membrane capacitance
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(Cm) in response to afield stimulation train of five stimuli with 50ms intervals (Fig. 3C). To test
the involvement of the classical Ca?*-dependent mechanism of presynaptic vesicle release, we
repeated the experiment under normal (2 mM) and elevated (5 mM) Ca?* concentration. Here we
observed a clear increase between Cp, value under normal Ca®* concentration and after an
elevated Ca®* concentration (Fig. 3C), confirming Ca’*-dependent presynaptic vesicle release.
Next, we performed a whole-cell voltage-clamp recording of spontaneous postsynaptic activity.
In this experiment we observed postsynaptic currents, which were suppressed by 50mM of the
selective antagonist of GABAA receptor, picrotoxin (Fig. 3D). This confirmed the presence of
the main type of inhibitory neuroreceptors (GABAA receptors) and of a functional postsynaptic
system with a classical response to spontaneously released GABA. Finally, we set out to test
whether our mDA neurons can establish a functional neural network. To achieve this, we
performed whole-cell current-clamp recordings, delivering field electrical stimuli in a perfusion
chamber. These stimuli generated APs of classical shape, confirming the presence of
interneuronal crosstalk (Fig. 3E). Thus, we show that the mDA neurons, by week 15 of
differentiation, display many electrophysiological characteristics that confirm their behaviour as

neurons forming functional networks (summarised in Table 1).

Patient-specific hiPSCs differ entiate into functional mDA neurons

Mutations in the gene encoding alpha-synuclein, SNCA, cause an autosomal dominant form of
PD (SNCA PD). We obtained hiPSCs from two patients with the A53T mutation, and a patient
with a triplication of the SNCA locus (SNCA x3), and differentiated them into midbrain
dopaminergic neurons according to the protocol described above. Both of these genetic changes
cause an early onset and rapidly progressive form of PD (Devine, Gwinn, et al., 2011); (Farrer et

al., 2004); (Spiraet al., 2001). All three mutant lines were successfully differentiated into mDA
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neurons, highlighted by a high expression of TH and MAP2 (Fig. 4A). We next functionally
validated SNCA neurons by confirming that at 2 weeks post differentiation, 60-70% of neurons
exhibit a cytosolic calcium response to KCI confirming the presence of voltage gated calcium
channels (Fig. 4B, Fig. 4C) (Control = 65.5% * 5.7, A53T = 71.9% * 1.7, SNCA x3 = 66%).
SNCA neurons exhibited TTX-sensitive action potential generation in response to injected
current (Fig. 4D), single channel NMDA receptor activity (Figure 4E), and stimulation evoked
changes in capacitance (Fig. 4F), confirming characteristic electrophysiological activity in

patient-specific MDA neurons.

Patient-specific MDA neurons exhibit characteristic alpha-synuclein proteinopathy

Using RT-gPCR, we demonstrate a 4-fold increase in SNCA mRNA in the SNCA x3 line
compared to the control lines, at 3 weeks post differentiation (Fig. 4G). Interestingly, the AS3T
lines exhibited a similar amount of SNCA mRNA compared to the control lines (Control = 1.0 +
0.19, A53T = 1.4 + 0.02, SNCA x3 = 4.6, p < 0.005). Using an antibody that recognises total
alpha-synuclein, we detected alpha-synuclein protein expression across all lines at 4 weeks post
differentiation, with a significant observable increase in the expression of alpha-synuclein in the
SNCA x3 line (Fig. 4H, Fig. 4l) (Control = 1.00 £ 0.03, A53T = 1.05+ 0.02, SNCA x3=1.24 +
0.06, p < 0.005). During disease, alpha-synuclein aggregates within neurons. To test whether the
SNCA mDA neurons exhibit aggregate formation, we utilised a conformation specific antibody
that recognises all types of aggregated forms of alpha-synuclein (Angelova et al., 2020). At 6
weeks post differentiation, we observed the presence of aggregated alpha-synuclein in both the
AS53T and the SNCA x3 line which were significantly increased compared to control (Fig. 4J),

based on fluorescence intensity (Fig. 4K) (Control = 1.00 + 0.04, A53T = 1.21 + 0.05, SNCA x3
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= 1.18 + 0.03, p < 0.005), and the average size of the aggregate puncta (Fig. 4L) (Control =

0.52um? + 0.06, A53T = 0.94um? + 0.11, SNCA x3 = 0.99um? + 0.11, p < 0.05; p < 0.005).

mDA neurons carrying SNCA mutations exhibit oxidative stress and mitochondrial and

lysosomal dysfunction.

Lastly, we used the mDA neurons from patients to probe for molecular PD phenotypes. We have
previously shown that hiPSC derived neurons from PD patients carrying mutations linked to
SNCA display oxidative stress and mitochondrial dysfunction (Little et al., 2018; Ludtmann et
al., 2018) in cortical neurons at approximately day 70-80 in culture. We therefore attempted to
verify whether mDA neurons induced with our protocol show similar phenotypes, but at earlier
time points. At week 4 post differentiation (day 48 from hiPSC), we measured the generation of
superoxide using the fluorescent reporter dihydroethidium (HEt) which changes fluorescence
emission upon oxidation. We demonstrate the rate of superoxide production is significantly
higher in the AS3T lines, and approximately 40% higher in the SNCA x3 line compared to
controls (Fig. 5A, Fig. 5D) (Control = 100% * 4.9, A53T = 172.6% + 17.2, SNCA x3 = 141.9%
+ 154, p < 0.05) (Supplementary Fig. 4A). Next, we measured the levels of the endogenous
antioxidant glutathione using the MCB indicator, and showed a significant reduction of
glutathione in the A53T lines, and a non-significant reduction of glutathione in the SNCA x3 line
compared to the controls (Fig. 5B, Fig. 5E) (Control = 100% + 3.0, A53T = 78.8% + 2.6, SNCA
x3 = 91.5% + 4.4, p < 0.0001) (Supplementary Fig. 4C). The combination of increased ROS
production together with depleted antioxidant levels suggests the AS3T MDA neurons are under
oxidative stress. Interestingly, SNCA x3 mDA neurons did not display similar levels of oxidative

stress, but appeared to display milder oxidative stress phenotypes.
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We next assessed mitochondrial function at 4 weeks using the lipophilic cationic dye TMRM,
which accumulates less in depolarised mitochondria resulting in lower TMRM signal upon the
loss of mitochondrial membrane potential. We showed a reduction in mitochondrial membrane
potential in both the AS3T and SNCA x3 lines compared to the control neurons, suggesting
potential mitochondrial dysfunction (Fig. 5C, Fig. 5F) (Control = 100% + 3.4, A53T = 74.1% +

3.3, SNCA x3 =80.0% + 7.1, p < 0.05, p < 0.005) (Supplementary Fig. 4B).

We aso investigated whether lysosomal dynamics were affected at 4 weeks post differentiation.
Mature mDA neurons were loaded with the lysosomal dye LysoTracker Deep Red and imaged to
visualise lysosomes (Fig. 5I). We found that AS3T neurons, but not SNCA x3 neurons exhibited
significantly larger lysosomes compared to control samples (Fig. 5J) (Control = 1.2um? + 0.05,
A53T = 1.5um?+ 0.06, SNCA x3 = 1.3um?+ 0.04, p < 0.0005). Similarly, by plotting the area of
lysosomes in a histogram, we observed a shift in lysosomal areain A53T samples compared to
controls. Control samples had a higher proportion of smaller lysosomes (mainly between O-
2um?) compared to the A53T neurons, which had a higher proportion of larger lysosomes
(mostly 2-10um® (Fig. 5K), suggesting potential lysosomal dysfunction. Both damaged
mitochondria as well as protein aggregates are cleared through the autophagy pathway in
lysosomes. Therefore, we studied the expression of the autophagosome marker LC3B together
with the mitochondrial marker Tomm20 at week 5 post differentiation (day 55). We adopted a
super resolution approach, structured illumination microscopy (SIM) to resolve the contacts
between the mitochondria and the autophagosomes. Control cells exhibited Tomm20 staining
with an intact mitochondrial network and exhibited a low level of LC3B staining (top panels,

Fig. 5G). In contragt, the Tomm20 appearance in the A53T lines exhibited fragmented
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mitochondria with a disrupted mitochondrial network, and there was an increase in the LC3B
staining suggesting an autophagosome response (lower panels, Fig. 5G). We also additionally
observed an increase in the number of colocalizations between Tomm20 and LC3B in al SNCA
PD lines compared to control lines, suggesting close contact between autophagosomes and the
mitochondria (Fig. 5H) (Control = 219 + 36, SNCA PD = 410 + 94, Tomm20-LC3B

colocalizations per cell, p > 0.05).

Finally, we examined the basal viability of the SNCA mutant neurons compared to the controls
using the fluorescent dye SY TOX-green to identify dead cells. We observed an increase in cell
death of above 10% in both A53T and SNCA x3 lines compared to control lines at 4 weeks post
differentiation (Fig. 5L, Fig. 5M) (Control = 6.7% + 1.2, AS3T = 13.1% + 2.4, SNCA x3 =
12.8% + 3.5, p > 0.05) (Supplementary Fig. 4D). Additionally, pyknotic cells were also higher in
SNCA PD lines compared to control lines (Control =14.9% + 1.3, SNCA PD =19.3% + 1.8, p >
0.05) (Supplementary Fig. 4E, 4F). In summary, we have generated highly enriched cultures of
MDA neurons from patient hiPSCs harbouring mutations that cause PD, and demonstrate that
these are functionally mature, and can be utilised to investigate the pathological role of

synuclein.


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.287797; this version posted September 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Discussion

Lineage restriction to diverse cdlular fates in the neuraxis is the consequence of interplay of
multiple developmental signals, which are regulated in a spatio-temporal manner. The
development of protocols based on these developmental insights to successfully differentiate
hiPSCs into enriched mDA neurons is vitally important for modelling PD, as well as for cell
replacement therapies. Here we successfully generated enriched mDA NPCs and neurons using
only small molecules. We initiated neuronal induction via small molecule dual SMAD inhibition
(Chambers et al., 2009), caudalization to the midbrain via timed activation of Wnt signalling
through a GSK-3 beta inhibitor, and floor-plate ventralization through Shh signalling activated
by small molecule agonism. Applying developmentally rationalized patterning cues to hiPSCs
with our protocol yielded enriched mDA progenitors, which were subsequently differentiated
into enriched MDA TH+ neurons (>80%) after 3 weeks (41 days from the pluripotent state).
Single-cdll RNA-seq identified 7 neuronal clusters, which expressed key markers of mDA
neurons, and a further 5 clusters with the identity of midbrain NPCs. This confirmed that the
culture is representative of the developing midbrain, with the appearance of abundant mDA
neurons at week 4 of differentiation (48 days from pluripotent state), similar to previous studies
using human fetal midbrain tissue (La Manno et al., 2016). Our mDA neurons displayed
functional properties including calcium channel activity as early as 2 weeks of differentiation,
and to our knowledge, the first time the fluorogenic DAT dye was used in hiPSC systems to
show expression, and functionality of the DAT. We also show our cultures display various
electrophysiological characteristics, which go on to form functional neuronal networks as they
age. Finaly, we show our mDA cultures can successfully model various common PD

phenotypes.
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Though protocols have been developed to produce enriched ventral midbrain NPCs and mDA
neurons (Kirkeby et al., 2017; Kriks et al., 2011), these protocols are often expensive due to the
use of neurotrophic growth factors, and are variable when using hiPSCs for modelling PD. The
use of these growth factors and recombinant proteins to pattern cells to the correct part of the
ventral midbrain, to yield enriched progenitors has been shown to be vitaly important in graft
outcome (Kee et al., 2017; Kirkeby et al., 2017). However, we interestingly found that our mDA
NPCs were still able to successfully differentiate into enriched mDA neurons without the use of
any neurotrophic growth factors, which have been shown to be important for the maintenance
and survival of mDA neurons (Peng et al., 2011). We used a ROCK inhibitor to enhance cell
survival, and a Notch inhibitor to promote cell cycle exit. Using a combination of these two
molecules allowed our mDA NPCs to survive and exit the cell cycle, promoting differentiation
into post-mitotic mDA neurons. The enrichment and cost effectiveness underlie the usefulness of

our protocol to model PD over current protocols.

Differentiating hiPSCs from patients with PD also yielded highly enriched mDA neurons, which
displayed electrophysiological characteristics. Oxidative stress has been reported in
synucleinopathy, and in hiPSC derived cortical neurons carrying the SNCA x3, where we
observed an increase in superoxide and hydrogen peroxide at day 80 (Deas et al., 2016).
Interestingly on differentiation to MDA neurons, we observed aberrant generation of superoxide,
with concomitant reduction in glutathione at day 28. This suggests that the more vulnerable
neuronal population in PD exhibits cellular pathology at an earlier stage in vitro. Similarly, In

previous studies mitochondrial dysfunction in A53T, and SNCA x3 hiPSC-derived cortical
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neurons arose between days 50-80 (Chung et al., 2013; Ludtmann et al., 2018). In mDA neurons,
mitochondrial depolarisation was detected between 50-60 days (Little et al., 2018). Using our
protocol, we detected mitochondrial dysfunction in the form of mitochondrial depolarisation at
day 48 post differentiation, which could be due to the enhanced vulnerability of cells due to a
higher enrichment of mDA neurons. This will allow the unmasking of early molecular
phenotypes, in comparison to cortical neurons. At asimilar age, we detected an alteration in the
lysosomes in the AS53T lines, and impaired lysosomal capacity has been previoudy reported
(Mazzulli, Zunke, lsacson, et al., 2016). Furthermore, super resolution microscopy revealed
mitochondrial fragmentation, in keeping with the detection of mitochondrial dysfunction. There
was also an increase in autophagosomes, and the autophagic response isin close physical contact
with fragmented mitochondria, similar to previous studies (Ryan et al., 2018). Our results
support a hypothesis that both the lysosomal response to alpha-synuclein and the mitochondrial
response to alpha-synuclein are altered in SNCA iPSC models, and that concomitant impaired

removal of misfiled protein and damaged mitochondria may lead to neuronal death.

Here we used the conformation-specific filament antibody which alowed the aggregates to be
distinguished from the total alpha-synuclein population. We were able to detect the presence of
aggregated forms of alpha-synuclein, which were higher in all SNCA PD lines, at week 6 of
differentiation (day 62), which is earlier than previously reported (Mazzulli, Zunke, Tsunemi, et
al., 2016). Though aggregates have been reported as early as day 35 in mDA cultures (Zambon
et al., 2019), aggregation is notoriously hard to detect in cell model systems. Using single

molecule and super resolution approaches (Ludtmann et al., 2018), it may be possible to resolve
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the aggregation process at higher resolution, and detect the formation of small soluble oligomers
within cells at earlier time points.

In summary, we successfully generate highly enriched population of mDA neurons from hiPSCs,
that express mDA markers, functional dopamine trangport and form neuronal networks. Our
approach is more efficient, and economically favourable than other protocols. We were able to
use this approach to generate a PD model based on SNCA mutations. We were able to take a
highly vulnerable population of neuronsin PD and determine the temporal sequence of events as
they arise in culture. At 4 weeks of differentiation, oxidative stress, mitochondrial dysfunction,
and lysosomal responses were seen in cultures. As the neurons aged, we observed an increase in
autophagic abnormalities, and fragmentation of the mitochondria at week 5. Finally, we were
able to observe an increase in alpha-synuclein aggregates by week 6 (Fig. 6). Through the
generation of the most vulnerable neurons in Parkinson's disease, our model recapitulates all the
hallmarks of synucleinopathy at earlier time points in culture, concomitant with neuronal
maturation. Our approach alows these established hallmarks, and their emergence to be
temporally sequenced in our modd, and critically allows new disease mechanisms to be

identified at the earliest possible stages.


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.287797; this version posted September 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Acknowledgements

We would wish to thank the patients for the fibroblast donation. We would aso like to thank the
Francis Crick Institute Flow Cytometry, Advanced Sequencing, and Bioinformatics and
Biostatistics STPs for their help in conducting and analysing the flow cytometry, and single-cell

RNA-seq experiments.

Funding

G.S.V acknowledges funding from the UCL-Birkbeck MRC DTP. S.G acknowledges funding
from the i2i grant (The Francis Crick Institute), MJFox foundation, the Wellcome Trust, and is
an MRC Senior Clinical Fellow [MR/T008199/1]. D.A is funded by the National Institute for
Health Research. R.P. holds an MRC Senior Clinical Fellowship [MR/S006591/1]. Thiswork is
supported by the Francis Crick Institute which receives funding from the UK Medical Research

Council, Cancer Research UK, and the Wellcome Trust.

Competing interests

The authors report no financial competing interests.


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.287797; this version posted September 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figurelegends

Figure 1 - Characterisation of an enriched population of MDA NPCs and neurons.

(A) Hlustration depicting the differentiation protocol to generate mDA neurons. The hiPSCs are
patterned to midbrain NPCs after 14 days. NPCs are then maintained in culture for 4 days before
being terminally differentiated to yield mature mDA neurons after 21 days. (B) Quantitative PCR
showing a high up-regulation of mMRNA for mDA NPC markers LMX1A, FOXA2, and EN1
relative to hiPSCs (n= 3 different lines across 4 independent neuronal inductions, nsp > 0.05 **
p < 0.005, ordinary two-way ANOVA). Data plotted as +SEM. (C) Representative
immunocytochemistry images showing high expression of mDA NPC markers FOXAZ2,
LMX1A, and the forebrain/midbrain marker OTX2 (scale bar = 50um). (D) Quantification of
immunocytochemistry images showing >80% of cells co-express mDA NPC markers FOXA2,
LMX1A, and OTX2 (n = 4 different lines across 3 independent neuronal inductions, ns p > 0.05,
ordinary one-way ANOVA). Vaues plotted a +SEM. (E) Quantification of
immunocytochemistry images showing the increase in expression of the mDA mature neuron
marker, TH, as the neurons differentiate and mature (n = 3 different lines across 1 independent
neuronal induction, nsp > 0.05, *** p < 0.0005, **** p < 0.0001, ordinary one-way ANOVA).
Values plotted as +SEM. (F) Representative immunocytochemistry images showing the
expression of TH and the neuronal marker, TUJ1 after 3 weeks of differentiation (41 days from
hiPSC) (scale bar = 50um). (G) Quantification of immunocytochemistry images after 3 weeks of
differentiation showing approximately 80% of total cells express TH (n= 3 different lines across
3 independent neuronal inductions, ns p > 0.05, ordinary one-way ANOVA). Values plotted as
+SEM. (H) Representative dot plots of single-cell suspensions showing the percentage of TH

and B-111 Tubulin positive cells in the MDA cultures 3 weeks after terminal differentiation. A
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negative control (DAPI only) was used to determine quantification thresholds to set the gating (n
= 10,000 events recorded per measurement). (1) Quantification of flow cytometry analysis
showing over 80% of DAPI positive cells co-express TH and B-111 Tubulin (n = 3 lines across 2
independent neuronal inductions). Values plotted as +SEM. (J) A UMAP plot showing the 13
clusters identified from single-cell RNA-seq after 4 weeks of differentiation. Neuronal mDA
(mDA1-7), and forebrain/midbrain neuron (FB/mDA) clusters are coloured in blue, and mDA
NPC/neurons (NPCsl-3), forebrain NPCs (FB NPCs), and rostral midorain NPCs (RM NPCs)
are coloured in red, orange, and yellow. An unidentified cluster (N/A) is coloured in grey. (K) A
heat map showing the expression of genesin clusters identified as mDA neurons (mDA1-7), and
the forebrain/midbrain neuron (FB/mDA) cluster in the culture after 4 weeks of differentiation.
Each line represents a cell from that cluster. Genes annotated in red correspond to mDA NPC

markers, and those in black correspond to mDA neuron markers.

Figure 2 - Functional characterisation of mDA neurons.

(A) Representative traces of the time series showing the fluorescence intensity of Fluo-4 increase
and recover upon 50mM KCI addition at 3, 4, and 5 weeks of terminal differentiation (n = 15
cells per line, 3 separate lines across 1 independent neuronal induction). Values plotted as +SD.
(B) Representative pictures of mDA neurons at 5 weeks of terminal differentiation during atime
series, showing the levels of intracellular calcium using the fluorescent calcium indicator dye
Fluo-4 (scale bar = 50um). (C) Quantification of the number of cells that had a calcium spike
upon 50 mM KCI stimulation across different weeks of terminal differentiation (n = 3 separate
lines across 1 independent neuronal induction, ns p > 0.05, ** p = 0.0075, two-way ANOVA).
Values plotted as +SEM. (D) Example of spontaneous calcium activity at 3 weeks of terminal

differentiation showing, (Di) pictures at different times prior to KCI stimulation, arrow indicates
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the highlighted cell from which, (Dii) recordings of the fluorescence change in Fluo-4 intensity
was recorded. (E) Representative images showing the uptake of the DAT fluorescent substrate
FFN102 (FFN) in mDA neurons 4-5 weeks of terminal differentiation. The first panel shows
addition of FFN dye where it is outside of the cells. Second panel shows the dye inside the célls.
Third paned shows the response of the dye upon stimulation with 50mM KCI and the recovery in
the fourth panel. Lower panels show the dye behaviour in the presence of the DAT inhibitor,
nomifensine (scale bar = 50um). (F) Representative trace showing the increase in intracellular
fluorescence of FFN as time increases, as well as response to KCI stimulation, highlighting DAT
presence and function. The DAT inhibitor nomifensine reduces the rate of FFN dye uptake
showing DAT specificity (n = 15-20 cells per condition). Vaues plotted as +SD. (G)
Quantification of the normalised rate of FFN uptake and the rate of uptake in the presence of
nomifensine (n = 3 separate lines over 3 independent neuronal inductions, Welch's t-test, ** p =
0.0024). Values plotted as £SEM. (H) Quantification of the number of FFN positive cells once
stimulated with the addition of KCI (n = 3 separate lines, 3 independent neuronal inductions).

Values plotted as +SEM.

Figure 3 - Electrophysiological characterisation of mDA neurons.

(A) APs triggered by step current injection in mDA neurons at day 30 of differentiation. 1 mM
tetrodotoxin (TTX) fully suppresses APs, confirming involvement of voltage-gated sodium
channds. (B) Single-channel openings of NMDA receptors in an outside-out patch excised from
MDA neurons at day 30 of differentiation. Top trace: application of 10 mM glutamate + 10 mM
glycine triggers single-channel openings with two different conductance states. Bottom trace: 50
mM APV fully suppresses effect of glutamate + glycine, confirming pharmacological profile of

NMDA receptors. (C) Changes in whole-cell membrane capacitance evoked by stimulation
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series confirm elevated intensity of vesicle release in mDA neurons at day 70 of differentiation.
Shadows of blue, high noise: 10 consequent individual traces; superficial red trace with low
noise: averaged trace. Left: control. Right: devated Ca?* magnifies the effect of external
stimulation on membrane capacitance, thus confirming involvement of presynaptic Ca’*-
dependent mechanism of vesicle release. (D) Spontaneous postsynaptic activity confirms
presence of functional synapses in mDA neurons at day 70 of differentiation. Top trace:
spontaneous postsynaptic currents. Bottom trace: 50 mM of picrotoxin fully suppresses
spontaneous synaptic activity, confirming its generation by GABA receptors. (E) AP generation
in response to field stimulation confirms establishment of a functional neuronal network in mDA

neurons at day 105 of differentiation.

Figure 4 - Generation and characterisation of mDA neurons from hiPSC lines from

patientswith alpha-synuclein mutations.

(A) Representative immunocytochemistry images of control and alpha-synuclein (SNCA) patient
hiPSCs showing the expression of TH and MAP2. Scale bar = 50um. (B) Representative time
series snaps of Fluo-4 Ca”* recordings in control, A53T, and SNCA x3 lines showing basal
intensity as well as the response to 50mM KCI stimulation, and the recovery at 2 weeks of
terminal differentiation (scale bar = 50um). (C) Quantification of the number of cells that had a
calcium spike upon KCI stimulation after 2 weeks of differentiation (n = 3 control hiPSC lines, 2
AS53T patient lines, 1 SNCA x3 patient line, 1 neuronal induction, ns p > 0.05, one-way
ANOVA). Values plotted as £SEM. (D) APs triggered by step current injection in SNCA x3
MDA neurons at day 70 of differentiation. 1 mM tetrodotoxin (TTX) fully suppresses APs,
confirming involvement of voltage-gated sodium channels. (E) Single-channel openings of

NMDA receptors in an outside-out patch excised in SNCA x3 mDA neurons at day 70 of
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differentiation. Top trace: application of 10 mM glutamate + 10 mM glycine triggers single-
channd openings with two different conductance states. Bottom trace: 50 mM APV fully
suppresses effect of glutamate + glycine, confirming pharmacologica profile of NMDA
receptors. (F) Changes in whole-cell membrane capacitance evoked by stimulation series
confirm elevated intensity of vesicle release in SNCA x3 mDA neurons a day 70 of
differentiation. Shadows of blue, high noise: 10 consequent individual traces; superficial red
trace with low noise; averaged trace. i) control conditions. ii) elevated Ca®* magnifies the effect
of external stimulation on membrane capacitance, thus confirming involvement of presynaptic
Ca”*-dependent mechanism of vesicle release. (G) Quantitative PCR showing the relative mRNA
expression of SNCA in mDA neurons at 3 weeks of differentiation in A53T and SNCA x3
patient lines normalised to the expression in control lines (n = 3 control lines, 2 A53T lines, 1
SNCA x3 line, 1 neuronal induction, ns p > 0.05, ** p < 0.005, one-way ANOVA). Vaues
plotted as £SEM. (H) Representative immunocytochemistry images showing the expression of
alpha-synuclein in control, A53T, and SNCA x3 patient mDA neurons at 4 weeks of
differentiation (scale bar = 50um). (1) Quantification of the relative normalised fluorescence
intensity of alpha-synuclein in control, A53T, and SNCA x3 patient mDA neurons at 4 weeks of
differentiation (n = 2 control lines, 2 A53T lines, 1 SNCA x3 line, 1 neuronal induction, 3-6
fields of view per line, nsp > 0.05, * p < 0.05, ** p < 0.005, one-way ANOVA). Values plotted
as *SEM. (J) Representative immunocytochemistry images showing the expression of
filamentous aggregated forms of alpha-synuclein recognised by a conformation specific
antibody, in MDA neurons at 6 weeks of differentiation (scale bar = 10um). (K) Quantification
of the normalised fluorescence intensity of aggregated filamentous forms of alpha-synuclein

from control, A53T, SNCA x3 lines at 6 weeks of differentiation (n = 3 control lines, 2 A53T
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lines, 1 SNCA x3 line, 1 neuronal induction, 3-7 fields of view per line, ** p < 0.005, one-way
ANOVA). Values plotted as +SEM. (L) Quantification of the average puncta size of the
aggregated filamentous forms of apha-synuclein from control, A53T, SNCA x3 lines at 6 weeks

of differentiation (* p <0.05, ** p <0.005, one-way ANOVA). Values plotted as +SEM.

Figure5 - Modeling familial PD in enriched mDA neuronal cultures.

(A) Trace showing the ratiometric measurements of superoxide generation using the fluorescent
reporter dihydroethidium (HEt) in control, A53T, and SNCA x3 lines a 4 weeks of
differentiation. (B) Representative live cell imaging of endogenous glutathione using the
fluorescent reporter MCB in control, A53T, and SNCA x3 lines at 4 weeks of differentiation
(scale bar = 20um). (C) Representative live cell imaging of mitochondrial fluorescence using the
lipophilic cationic dye TMRM in control, A53T, and SNCA x3 lines at 4 weeks of differentiation
(scale bar = 10um). (D) Quantification of the rate of superoxide generation based on HEt
ratiometric fluorescence (n = 2 coverdips per line, across 2 control lines, 2 AS53T lines, and 1
SNCA x3 line, 1 neuronal induction, nsp > 0.05, * p < 0.05, one-way ANOVA). Values plotted
as £SEM. (E) Quantification of the endogenous level of glutathione based on MCB fluorescence
(n = 4-6 fidds of view per line; 2 coverdlips per ling, 2 control lines, 2 A53T lines, and 1 SNCA
x3 line, 1 neuronal induction ns p > 0.05, * p < 0.05, **** p < 0.0001, one-way ANOVA).
Values plotted as £+SEM. (F) Quantification of the normalised fluorescence intensity of the
mitochondrial dye TMRM (n = 3-4 fields of view per line, 2 coverdlips per line, across 2 control
lines, 2 A53T lines, and 1 SNCA x3 line, 2 neuronal inductions, nsp > 0.05, * p < 0.05, ** p<
0.005, one-way ANOVA). Values plotted as +SEM. (G) Structured illumination microscopy
(SIM) images of control and A53T cells probed for mitochondrial marker Tomm20, and the

autophagosome marker LC3B, in 5 week terminally differentiated mDA neurons (scale bar =
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20um). Smaller image depicts a zoomed in version showing morphology and colocalization of
the markers (scale bar = 2um). (H) Quantification of the number of Tomm20-LC3B
colocalizations per cell in control and familial SNCA PD lines at 5 weeks of differentiation (n =
1-2 images per ling, 2 control lines, 2 A53T lines, 1 SNCA x3 line, 1 neuronal induction, nsp >
0.05 (p = 0.11), unpaired t-test). Values plotted as +SEM. (1) Representative live cell imaging of
lysosomes and the nuclear marker Hoechst 33342 form control, A53T, and SNCA x3 mDA
neurons a 4 weeks of neuronal differentiation (scale bar = 5um). (J) Quantification of the
average lysosomal area from control, A53T, and SNCA x3 lines after 4 weeks of differentiation
(n = 4-6 images per line, across 2 control lines, 2 A53T lines, and 1 SNCA x3 line, 1 neuronal
induction ns p > 0.05, *** p < 0.0005, one-way ANOVA). Values plotted as £+SEM. (K)
Histogram plot showing the relative number of lysosomes in each set area bin (0-10um?) in
control and AS3T lines after 4 weeks of differentiation (n = 3-5 images per line, across 2 control
lines, 2 AS3T lines, 1 neurona induction). (L) Live cell images depicting dead cells in mDA
neurons at 4 weeks of terminal differentiation using the fluorescent dye SY TOX green in control,
AS53T, and SNCA x3 lines (scale bar = 20um). (M) Quantification of the percentage of dead cells
based on SYTOX green imaging in control and familial SNCA PD lines (n = 4-5 fields of view,
2 control lines, 2 A53T lines, and 1 SNCA x3 line, 1 neuronal induction, ns p > 0.05, one-way

ANOVA). Values plotted as +SEM.

Figure 6 - Highly enriched mDA neurons model common phenotypes associated with

synucleinopathy.

The top illustration shows that our protocol yields highly enriched (80%) mDA neurons after 3
weeks of differentiation. Patient derived neurons go on to develop oxidative stress, mitochondrial

and lysosomal dysfunction after 4 weeks. After 5-6 weeks there is an impairment in mitophagy,
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as well as aggregation of alpha-synuclein. The bottom illustration highlights the phenotypes we

detected in this study using our mDA neuron differentiation protocol.


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.287797; this version posted September 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

Angelova PR, Choi ML, Berezhnov AV, Horrocks MH, Hughes CD, De S, et al. Alpha
synuclein aggregation drives ferroptosis: an interplay of iron, calcium and lipid peroxidation.

Cell Death Differ. 2020

Arenas E, Denham M, Villaescusa JC. How to make a midbrain dopaminergic neuron.

Development 2015; 142: 1918-1936.

Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M, Studer L. Highly
efficient neural conversion of human ES and iPS cells by dual inhibition of SMAD signaling.

Nat. Biotechnol. 2009; 27: 275-280.

Choi ML, Gandhi S. Crucial role of protein oligomerization in the pathogenesis of Alzheimer’s

and Parkinson’ s diseases. FEBS J. 2018; 285: 3631-3644.

Chung CY, Khurana'V, Auluck PK, Tardiff DF, Mazzulli JR, Soldner F, et al. Identification and
rescue of a-synuclein toxicity in Parkinson patient-derived neurons. Science 2013; 342: 983—

987.

Deas E, Cremades N, Angelova PR, Ludtmann MHR, Yao Z, Chen S, et al. Alpha-Synuclein
Oligomers Interact with Metal lons to Induce Oxidative Stress and Neuronal Death in

Parkinson’s Disease. Antioxid. Redox Signal. 2016; 24: 376-391.

Devine MJ, Gwinn K, Singleton A, Hardy J. Parkinson’'s disease and a-Synuclein expression.

Mov. Disord. 2011; 26: 2160-2168.

Devine MJ, Ryten M, Vodicka P, Thomson AJ, Burdon T, Houlden H, et al. Parkinson’s disease
induced pluripotent stem cells with triplication of the a-synuclein locus. Nat. Commun. 2011; 2:

440.


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.287797; this version posted September 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Doi D, Samata B, Katsukawa M, Kikuchi T, Morizane A, Ono Y, et a. Isolation of human
induced pluripotent stem cell-derived dopaminergic progenitors by cell sorting for successful

transplantation. Stem Cell Reports 2014, 2: 337-350.

Farrer M, Kachergus J, Forno L, Lincoln S, Wang D-S, Hulihan M, et a. Comparison of
kindreds with parkinsonism and alpha-synuclein genomic multiplications. Ann. Neurol. 2004;

55: 174-179.

Guzman JN, Sanchez-Pedilla J, Chan CS, Surmeier DJ. Robust pacemaking in substantia nigra

dopaminergic neurons. J. Neurosci. 2009; 29: 11011-11019.

Hartfield EM, Yamasaki-Mann M, Ribeiro Fernandes HJ, Vowles J, James WS, Cowley SA, et
al. Physiological characterisation of human iPS-derived dopaminergic neurons. PLoS ONE 2014,

9: e87388.

Kee N, Volakakis N, Kirkeby A, Dahl L, Storvall H, Nolbrant S, et a. Single-Cell Analysis
Reveals a Close Relationship between Differentiating Dopamine and Subthalamic Nucleus

Neuronal Lineages. Cell Stem Cell 2017; 20: 29-40.

Kirkeby A, Greadlish S, Wolf DA, Nelander J, Wood J, Lundblad M, et al. Generation of
regionally specified neural progenitors and functional neurons from human embryonic stem cells

under defined conditions. Cell Rep. 2012; 1: 703-714.

Kirkeby A, Nolbrant S, Tiklova K, Heuer A, Kee N, Cardoso T, et al. Predictive Markers Guide
Differentiation to Improve Graft Outcome in Clinical Trandation of hESC-Based Therapy for

Parkinson’s Disease. Cdl Stem Cell 2017; 20: 135-148.

Kriks S, Shim JW, Piao J, Ganat YM, Wakeman DR, Xie Z, et a. Dopamine neurons derived

from human ES cells efficiently engraft in animal models of Parkinson’s disease. Nature 2011;


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.287797; this version posted September 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

480: 547-551.

Lang C, Campbell KR, Ryan BJ, Carling P, Attar M, Vowles J, et al. Single-Cell Sequencing of
iPSC-Dopamine Neurons Reconstructs Disease Progression and Identifies HDAC4 as a

Regulator of Parkinson Cell Phenotypes. Cell Stem Cell 2019; 24: 93-106.€56.

La Manno G, Gyllborg D, Codeluppi S, Nishimura K, Salto C, Zeisd A, et a. Molecular
diversity of midbrain development in mouse, human, and stem cdlls. Cell 2016; 167: 566-

580.€19.

Little D, Luft C, Mosaku O, Lorvellec M, Yao Z, Paillusson S, et al. A single cell high content
assay detects mitochondrial dysfunction in iPSC-derived neurons with mutations in SNCA. Sci.

Rep. 2018; 8: 9033.

Ludtmann MHR, Angelova PR, Horrocks MH, Choi ML, Rodrigues M, Baev AY, et al. a-
synuclein oligomers interact with ATP synthase and open the permeability transition pore in

Parkinson’s disease. Nat. Commun. 2018; 9: 2293.

Marin F, Herrero M-T, Vyas S, Puelles L. Ontogeny of tyrosine hydroxylase mRNA expression
in mid- and forebrain: neuromeric pattern and novel positive regions. Dev. Dyn. 2005; 234: 709—

717.

Marton RM, loannidis JPA. A Comprehensive Analysis of Protocols for Deriving Dopaminergic

Neurons from Human Pluripotent Stem Cells. Stem Cells Trangl. Med. 2019; 8: 366-374.

Mazzulli JR, Zunke F, Isacson O, Studer L, Krainc D. a-Synuclein-induced lysosomal
dysfunction occurs through disruptions in protein trafficking in human midbrain synucleinopathy

models. Proc Natl Acad Sci USA 2016; 113: 1931-1936.

Mazzulli JR, Zunke F, Tsunemi T, Toker NJ, Jeon S, Burbulla LF, et a. Activation of -


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.287797; this version posted September 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Glucocerebrosidase Reduces Pathological a-Synuclein and Restores Lysosomal Function in

Parkinson’s Patient Midbrain Neurons. J. Neurosci. 2016; 36: 7693—7706.

Nolbrant S, Heuer A, Parmar M, Kirkeby A. Generation of high-purity human ventral midbrain
dopaminergic progenitors for in vitro maturation and intracerebral transplantation. Nat. Protoc.

2017; 12: 1962-1979.

Ono Y, Nakatani T, Sakamoto Y, Mizuhara E, Minaki Y, Kuma M, et al. Differences in
neurogenic potential in floor plate cells along an anteroposterior location: midbrain
dopaminergic neurons originate from mesencephalic floor plate cells. Development 2007; 134:

3213-3225.

Peng C, Aron L, KleinR, Li M, Wurst W, Prakash N, et a. Pitx3 isacritical mediator of GDNF-
induced BDNF expression in nigrostriatal dopaminergic neurons. J. Neurosci. 2011; 31: 12802—

12815.

Poewe W, Seppi K, Tanner CM, Halliday GM, Brundin P, Volkmann J, et a. Parkinson disease.

Nat. Rev. Dis. Primers 2017; 3: 17013.

Rodriguez PC, Pereira DB, Borgkvist A, Wong MY, Barnard C, Sonders MS, et al. Fluorescent
dopamine tracer resolves individual dopaminergic synapses and their activity in the brain. Proc

Natl Acad Sci USA 2013; 110: 870-875.

Ryan T, Bamm VV, Stykel MG, Coackley CL, Humphries KM, Jamieson-Williams R, et al.
Cardiolipin exposure onthe outer mitochondrial membrane modulates a-synuclein. Nat.

Commun. 2018; 9: 817.

Spira PJ, Sharpe DM, Halliday G, Cavanagh J, Nicholson GA. Clinical and pathological features

of a Parkinsonian syndrome in a family with an Ala53Thr alpha-synuclein mutation. Ann.


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.287797; this version posted September 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Neurol. 2001; 49: 313-319.

Zambon F, Cherubini M, Fernandes HJR, Lang C, Ryan BJ, Volpato V, et a. Cdlular a-
synuclein pathology is associated with bioenergetic dysfunction in Parkinson’s iPSC-derived

dopamine neurons. Hum. Mol. Genet. 2019; 28: 2001-2013.


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

A B 3000 == iPSC
2500 == mDANPC
| Dual SMAD Inhibition (SB, DM) | i

| S Agonsm g

bioRXiv preprint doi: https://doi.org/10.1104¥P@s0EaD) e NiestoipinnstediMaalaEen| . o? t hol or this rint
14 (which was notgertified by peer reV|ew)0|s the authorgunder, Who has granted bioRxiv a Ilcense to display the p1§pr|n in pefBtuity. It iSlhade
' - avalablesuhderacS-BY-NC-ND-0-nternationalicense—=-
Days
hiPSCs mDA NPCs mDA Neurons

Relative f

&

LMX1A FOXA2 EN1

100
FOXA2 LMX1A OTX2 " .
< 8ol M
o
(]
>
7 60
o
£ a0
'_
O >
<
Ctrl1 Ctrl 2 Ctrl 3 Ctrl 4
E F DAPI H TUJ Merged
80
L
E Kkk
O 60
+
T
'_
45 40
N
20 ns
0
NPC 1w 2w 3w
G 100 . H Negative Control I 100
- [
- = —
L]
T 80 —[— 1 g 80
< ~
o 2
© 60 Q 60
8 <
>
:E 40 = 40
[ +
= 2
EPY G 20
10° ] 10° 10 10°
. . 0
Ctrl1 Ctrl2 Ctrl 3 B-11l Tubulin B-1ll Tubulin Ctrls

IR el e
Il | N PAXe
Identified cell states E Il ‘H| [ REFO

RBFOX3
— I [l \ [ 1] [| TH
— |11 0 O 1 [Ippc
Al | | TUBBS3
_|: MAP2
| PBX1
Il \ \ Il [| " KLHL1
E ; | | ‘ GFRA1 cell_state
e mDAI \ | H \ [ 1 oTX1 W mDA1
o mDA? — | [1[l]] R Nl \ CALB2 | mDA2
o moA3 — 1) | | lI|kchde  MFBmDa
° 23:2 . L | I — ‘H 1f |\g\4&%3 B mDA3
o B mDA4
| MDAG \ / \ I | CNPY1 mDA5
% mDA7 1[0 \ | [[[|NR4A2 mDA6
s ® Eg’ngg \‘ | Il Ltmx1A  scaled
&b { || Foxa2 exp:{ession
® NPCs2 — ‘ ‘ [ |l Foxat | A
® NPCs3 — I Il ETvs
_ RM NPCs = I ALDH1AT %,
. N/A GBX2 B
-y e ‘|E EN2 -
0K EN1
CORIN
\ | GABRA1
E I | sLcisA2
% t SHH
FGF8
UMAP_1 SPRY1
LIl oTX2
SOX6

.

SOX2


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

A 3 weeks 4 weeks 5 weeks

i 50mM KCl __asto- 50mM KCI __aooor 50mM KCl
= 1 2 D
a st00 o 40004 O 3500
< 1. . ’ <L 3500 . '\ € ] .2 . .
> b“l?ﬂngw preprint dofy https://doi.org/10.1101/2020.09;08.287797; this verston posted September 8, 2_020‘Tﬂ‘33 copyrigfat holder for this preprint
‘% (hich was not cerfi by peer review) is the auth@/ftfider, who has grated bioRxiv a license to dlSp|§ thelprepri t'in perpetuity. It is made
c | availableﬁmder aCC-BY-NC-ND™ W International license. = "
T = i L 2000 .
| 2000 4
E 1500 E 8 1500 ‘k
| 1500 4 s LA
§ 1000 4 g,g} 1000 4 ;8) 1000 - et
g P e 2 g o T
o 500 o 500 © 9004
3 | 3 =1
L oo . r - T . T ] TR : ! ; ; . - , o o . . ; . r .
] 100 200 300 400 500 G600 o0 a 100 200 300 400 500 G600 700 ] 100 200 300 400 500 €00
Time (sec) Time (sec) Time (sec)
B 0 min 2.5 min 3 min 10 min

Fluo-4

100

C . - D . 0 sec 20 sec 70 sec 90 sec 130 sec 205 sec
i ;
2 oy
8 a0 S
8 a
-E 60+
- 2.0
8 i 2
5 2
gj 401 Q 1.5+
g £
é 'E 1.04
20+ @
& E 0.5
&
o T T T y Zn.: — 77—
2w 3w 4w Sw 0 50 100 150 200 250 300
Time (sec)
E FFN added FFN uptake KClI activation Recover
Z
L
L
£
(o]
=
+
=
L
L
F 5 1600 50mM KCI
;1400 T &)
E fi}] = g 80 %.
3, 1200+ 3 z .
2 1000- o 3 ol
8 z g
E 800+ i 2
w 8
§ 600 s S w0
o 2
§ 400+ @ 8
o —e— No Treatment %5 204
g 2004 —=— Nomifensine =
T .
0 é 1'0 1'5 2‘9 No Treatment Nomifensine Controls

Time (min)


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

A B
—— Control
—— TTX

p. VZVJMJ/V)/JW o0 ms S L

ACp (F)
ACpy (fF)

Time (s) Time (s)

> WWW - —

o Y,
5s —[ L/f 20 mV
Mmmm Qmso



https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

A DAPI TH MAP2 ~ Merged

bioRxiv preprint doi: https://d@.

(i nt dol: hitps:/iag yright holder for this preprint
which was not certified by p

print in perpetuity. It is made

SNCA PD

Recovery C D

—— Control
_ — TTX
g 100
g ns
o |20 mV
80
0 °
8 I — 100 ms
By |~ =
5 5
3 8 a0 E
G
X
20
o] 0
?:.) Ctrl AS3T SNCA x3
z I 3pA
05s
F 5 H Total alpha-syn
o 5 ns
[2] e
g 4 g
g 5
(@]
e
22
Eo |%| | |
[]
0
Ctrl A53T SNCAX3
'_
™
*% 0
> ns <C
%15 *
[ = ad
g = o
£ .m T
@10 .: e B ; ‘ :
= LR
O o5 <
g ®)
o &
Citrl A53T SNCAX3
J Filament Ab Merged K
15 —
'é‘ o,
2 E |l M=
c S 10
o o n
O 3 .
=
[0}
[&]
D os
5]
=
o
0.0
: Ctrl AS3T SNCAX3
Yo}
< L - *x
51.5 = N
q’ A
N .
g 10 - -
S T 1
c ° . 2
[\ S - s
< T .
< 005 o=
O ()] LY
z o *
n g
< 00

Citrl A53T SNCAx3


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

HEt ratio (530/380)

B Control

=— CTRL N
4.5 - bioRxiy preﬁpgtr https://doi.org/10.1101/2020.09.08.287797}
(which was fied by peer review) is thegauthor/funder, wh
4.0 4~ SNCA x3 lable under aCC-$
3.5
3.0
2.5 C Control
2.0
1.5
=
1.0 o
=
0-5 T T T T T 1 '_
0 2 6 8 10
Time (min)
150
_ 250 - o — E ns _
O\O . — Fkkk
o 200 X .o
(2] PR ° ik
g I g 100 vt - ==
o 150 —1 o LY g _‘&A_
p - —_— o =
% 100 5 % -
5 5
L 50 O
@©
o
0
° Ctrl A53T SNCAXx3 Ctrl AS3T  SNCAX3
G Tomm?20 Merged
o
c
@]
&)
F—
2]
0
<

Lysotracker

by = e
=] ) o

Average lysosome area (Um?)
o
o

o
=]

Control

AS3T SNCA x3

K 8000

6000

IS
=}
=
=}

N}
=
=
=}

m Control M
mm A53T
I il .

Number of values

500

PUSEANN
[SE=-R-%=]
ocooo

o

ns
LI n
=
O I e
L]
Citrl AS53T

SNCA X3 0 1 2 3 4 5 6 7 8 9 10
Size of lysosome (um?)

150

SNCA x3 7

ns

:\o\ *k
[0] ]
2 100 .I. o
S i R
é | |
S 5 N
[
=
s
0
Ctrl A53T SNCAX3
% 800
o ns
@
5 o
©
< 6004
[e]
o
)
™
Q 400+ ®
% °
. A
€ 200 °
2 °
G
2 0 T T
Ctrl SNCA PD
Control A53T SNCA x3

DAPI

Sytox Green

% of dead cells

30

20

=)

R
RO % —L
—4 .l A
cee .
Ctrl AB3T  SNCAX3


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

4 weeks of differentiation
- Increased ROS production
- Reduced glutathione production
- Depolarised mitochondrial membrane potential
- Increased lysosomal size
- Increase in cell death

3 weeks of differentiation
- 80% TH positive neurons
- Expression of mDA markers
- Functionally active
- DAT expression and functional

5-6 weeks of differentiation
- Increased LC3B levels
- More mitochondria/autophagosome
contacts
- Increased levels of aggregated alpha-synuclein

—_—

= = =

PHENOTYPES OBSERVED

MITOCHONDRIAL DYSFUNCTION

'

LYSOSOMAL

DYSFUNCTION A

a-SYNUCLEIN AGGREGATES

EY

@ NUCLEUS
@& MITOCHONDRIA
&Pe a-SYNUCLEIN

OXIDATIVE STRESS
@ LYSOSOME

OXIDATIVE STRESS
CELL DEATH


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.287797; this version posted September 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Supplementary material

Supplementary methods

Midbrain dopaminergic neuron (mDA) differentiation

For al mDA differentiations, hiPSCs were grown to 100% confluency. Differentiation was
triggered by removing old media and replacing it with a chemically defined medium
consisting of DMEM/F12, N2 supplement, Neurobasal, B27 supplement, L-Glutamine, non-
essential amino acids, 50U/ml penicillin-streptomycin, p-mercaptoethanol (all from
ThermoFisherScientific) and 5ug/ml insulin (Sigma), termed “N2B27”. Cells were patterned
for 14 days with daily media changes. For the first 2 days, the media was supplemented with
the small molecules 5uM SB431542 (Tocris Bioscience), 2uM Dorsomorphin (Tocris
Bioscience), 1uM CHIR99021 (Miltenyi Biotec). On day 2, 1uM Purmorphamine (Merck
Millipore) was added. On day 8, CHIR99021, and SB431542 were removed leaving only
Dorsomorphin and Purmorphamine in the medium until day 14. Cells were enzymatically
dissociated and split on days 4, 10, and 14 using 1mg/ml Dispase (ThermoFisherScientific).
After patterning, mDA neurona precursor cells (NPCs) were maintained in N2B27 for 4
days. On day 19, cells were plated onto Geltrex pre-coated Ibidi 8-well chambers
(100k/well), clear bottom 96-well plates (50k/well), or 12-well plates (500k/well), and
terminally differentiated using N2B27 supplemented with 0.1uM Compound E (Enzo Life
Sciences) and 10uM Y-27632 dihydrochloride (Rho kinase ROCK inhibitor) (Tocris) from
day 20 for the whole duration of terminal differentiation, with two weekly media changes.
NPCs could be cryopreserved on day 19, before terminal differentiation. For super-resolution
microscopy, cells were plated on glass-bottom Ibidi 8-well chambers which were pre-coated

with poly-D-lysine (PDL) overnight, followed by laminin (Sigma, L2020) in PBS for 1 hour.


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.287797; this version posted September 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Immunocytochemistry (ICC)

For ICC, cells at the desired time point of differentiation had the media removed, followed by
one wash in PBS, and fixed with 4% paraformaldehyde for 15 minutes at room temperature
(RT). The paraformaldehyde was then removed, and cells were washed once in PBS. For the
LC3B antibody (Cell Signalling Technologies #3868), samples were incubated in -20°C
methanol after paraformaldehyde fixation. All samples were then blocked for non-specific
binding and permeabilized in 5% bovine serum abumin (BSA) (Sigma) + 0.2% Triton X-100
(Sigma) in PBS for 60 minutes. The primary antibodies were then made up to the desired
dilution (Table 1) in 5% BSA and applied to the cells overnight at 4°C. The cells were then
washed twice in PBS followed by the application of species-specific, secondary antibodies
conjugated to relative Alexa Fluor dyes (ThermoFisherScientific), at a 1:500 dilution made
up in 5% BSA to cells for 60 minutes at RT in the dark. After secondary antibody incubation,
cells were washed once in PBS before being stained with 4',6(1diamidino1271 phenylindole
nuclear stain (DAPI) in PBS for 5 minutes at a 1:1000 dilution. After DAPI incubation, cells
were washed once with PBS before being submerged in fluorescence mounting medium
(Dako), and stored at 4°C until imaging.

The samples were imaged using Zeiss 880 confocal system with a40x, 1.4 N.A. oil objective,
and a pinhole of 1 airy units (AU). Between 3-5 images were collected per sample, all with a
Z projection consisting of 5 slices, and displayed as a maximum projection. Samples were
also imaged using the PerkinElmer Opera Phenix™ High Content Screening System with 20
and 40x water objective lenses. A minimum of 5 fields of view and a Z projection of 3 slices
was acquired per well, with the images displayed as a maximum projection. The
accompanying software, Columbus™ was used to store and analyse acquired images. The
settings for the acquisition of images were kept the same for all samples in the experiment

set.
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RNA extraction and quantitative polymer ase chain reaction (QPCR)

RNA was harvested from snap frozen cell pellets using the Maxwell® 1 RSC simplyRNA
Cells kit (Promega), and the accompanying Maxwell® 1 RSC 48 instrument. After RNA
extraction, the RNA concentration and quality using the 260/280 ratio was assessed using the
nanodrop. Up to 1ug of RNA was retro-transcribed into cDNA using the High-Capacity
cDNA Reverse Transcription kit (ThermoFisherScientific). The gPCR was performed using
TagMan™ Gene Expression Assay (ThermoFisherScientific). For each gene, TagM an™ probes
were used (Table 2) along with the TagMan™ master mix, and sample cDNA following the
manufacturer's protocol. Samples, along with a minus reverse transcriptase control (-RT)
were ran for each gene on the QuantSudio 6 Flex Real-Time PCR System (Applied
Biosystems). The -RT served as a negative control, and the gene expression levels were
normalised to the housekeeping gene GAPDH following the delta-delta Ct method. Gene

expression values were expressed as the normalisation to either hiPSCs or mDA NPCs.

Single-cell RNA-seq

Single cell generation, cDNA synthesis, library construction, and sequencing protocol
After 4 weeks of differentiation, mDA neurons from 3 control hiPSC lines were washed with
PBS once, and then incubated with Accutase (Gibco™) for 5 minutes to obtain a single cell
suspension. The samples were then diluted 1/3 before usage. The quality and concentration of
each single-cell suspension was measured using Trypan blue and the Eve automatic cell
counter. Each sample presented a concentration between a 1200-1700 cell/pl and viability
ranged between 55-68%, samples with a viability above 57% were used for sequencing.
Approximately 10000 cells were loaded for each sample into a separate channel of a

Chromium Chip G for use in the 10X Chromium Controller (cat: PN-1000120). The cells
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were partitioned into nanoliter scale Gel Beads in emulsions (GEMs) and lysed using the 10x
Genomics Single Cell 3' Chip V3.1 GEM, Library and Gel Bead Kit (cat: PN-1000121).
cDNA synthesis and library construction were performed as per the manufacturer’s
instructions. The RNA was reversed transcribed and amplified using 12 cycles of PCR.
Libraries were prepared from 10ul of the cDNA and 13 cycles of amplification. Each library
was prepared using Single Index Kit T Set A (cat: PN-1000213) and sequenced on the
HiSeg4000 system (I1lumina) using 100 bp paired-end run at a depth of 65-100 million reads.
Libraries were generated in independent runs for the different samples.

Pre-processing single-cell RNA-seq (scRNA-seq) data

Using the Cell Ranger v3.0.2 Single-Cell Software Suite from 10X Genomics reads were
aligned to the human reference genome (Ensembl release 93, GRCh38). The analysis was
carried out using Seurat v3.1.0 (Butler et al., 2018; Stuart et al., 2019) in R-3.6.1 (R Core
Team, 2019). Cells expressing fewer than 200 genes were excluded from the subsequent
analysis. Using default parameter within Seurat v3.1.0 (Butler et al., 2018; Stuart et al., 2019)
data for each sample were normalised across cells using the ‘LogNormalize’ function with a
scae factor of 10,000. A set of highly variable genes was identified using the
‘FindVariableFeatures()’ function (selection.method = “vst”, nfeatures = 2000). Data were
centred and scaled using the ‘ ScaleData()’ function with default parameters. Using the highly
variable genes, PCA was performed on the scaled data and the first 30 principal components
were used to create a Shared Nearest Neighbour (SNN) graph using the ‘FindNeighbors()’
function (k.param = 20). This was used to find clusters of cells showing similar expression
using the ‘FindClusters()’ function across a range of clustering resolutions (0.2-1.4 in 0.2
increments). Based on the visualisation of average mitochondria gene expression across
different cluster resolutions using the R package Clustree v0.4.1 (Zappia and Oshlack, 2018)

we selected a clustering resolution of 1.0 to exclude cluster with an average mitochondrial
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gene expression above 7.5% and, concomitantly, an average number of detected features
below 1300.

I ntegration acr oss samples

After filtering of cells/clusters based on mitochondrial gene expression and the number of
detected features, we integrated the three samples using the standard workflow from the
Seurat v3.1.0 package (Stuart et al., 2019). After data normalisation and variable feature
detection in the individual samples (see above), anchors were identified using the
‘FindintegrationAnchors()’ function and datasets were integrated with the ‘IntegrateData()’
across 50 dimensions for all detected features in the datasets. We then performed dimension
reduction (PC1-45) and cluster identification at resolutions 1.4. After removal of a cluster
consisting mostly of suspected doublet cells identified using DoubletFinder (McGinnis et al.,
2019), we performed data scaling including cell cycle score regression, dimension reduction

(PC1-50) and cluster identification (resolutions 0.4-1.8).

Biomarker of each cluster were identified using Seurat’s ‘FindAllIMarkers()’ function using
the Wilcoxon rank sum test. We limited the test to positive markers for each cluster in
comparison to all remaining cells. The positive marker genes had to be detected in 25% of
cells in ether of the two groups, with limiting testing further to genes which show, on
average, a least 0.25-fold difference (log-scale) between the two groups of cells. Cluster
identity was determined using visual inspection focusing on the expression of known marker

genes.

Flow Cytometry
The protocol for staining cells for flow cytometry analysis was adapted from a previous study
(Turag et al., 2013). Cells were washed once with PBS, before being detached into a single

cell suspension using Accutase (Gibco™). A cell suspension of 500k/ml was prepared in
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media. Cells were then spun down at 200g for 5 minutes, and the supernatant was removed.
Cell pellet was resuspended gently in 4ml of 4% paraformaldehyde and briefly vortexed at a
low speed before being spun on a rotation spinner for 10 minutes at RT. After fixation,
samples were spun down and supernatant removed. Cells were resuspended in 2ml of 0.1%
BSA in PBS. After resuspension, cells were filtered through a 70um strainer (Miltenyi
Biotec) to filter out any cell clumps. Cells were then spun down again, and the supernatant
was removed. Cell pellets were then resuspended in 1Iml of permeabilization/blocking buffer
(0.1% Triton X-100, 1% BSA, 10% normal goat serum (Sigma) in PBS), and incubated on a
rotation spinner for 30 minutes a RT. After permeabilization/blocking, cells were spun down
and the supernatant was removed. Cells were then resuspended in the primary antibodies
(1:200) made up in 0.1% BSA in PBS, and incubated on the rotation spinner for 1 hour a RT.
After primary antibody incubation, cells were spun down, supernatant removed and washed
once in 0.1% BSA in PBS. They were then resuspended in the species-specific secondary
antibodies (AlexaFluor 488, 647) at a dilution of 1:500 made up in 0.1% BSA in PBS and
incubated in the dark on a rotation spinner for 30 minutes. After incubation, cells were spun
down, supernatant removed and washed once in PBS, followed by incubation with DAPI
made up in PBS for 5 minutes. The DAPI + PBS was then removed, followed by one wash in
PBS, before being analysed on the flow cytometer.

The samples were run on the LSRii (BD) cell sorter. Scattering was initially used to discard
debris as well as cell doublets and larger clumps. The single cell population was then gated to
include DAPI positive only cells (negative control). The gating threshold for measured
channels was determined using the control lacking the antibody of interest (Fluorescence
minus one (FMO) contral), for both channels being recorded. Once the parameters had been

set, 10,000 cell events were recorded, and data was processed and analysed on FowJo.
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Electr ophysiology

Visualized patch-clamp recordings from cell cultures were performed using an infrared
differential interference contrast imaging system. The perfusion solution contained the
following (in mM): 119 NaCl, 2.5 KClI, 1.3 NaSO,, 2.5 CaCl,, 26.2 NaHCO,, 1 NaH.PO,, 2
CaCl,, 2 MgCl,, 22 glucose and was continuously bubbled with 95% O, and 5% CO,, pH 7.4.
Whole-cell recordings were performed at 32-34°C; the patch-clamp pipette resistance was 3-
7 MQ depending on particular experimental conditions. Series resistance was monitored
throughout experiments using a +5 mV step command, cells with very high series resistance
(above 25 MQ) or unstable holding current were rejected. The intracellular pipette solution
for voltage-clamp experiments contained (in mM): 120.5 CsCl, 10 KOH-HEPES, 2 EGTA, 8
NaCl, 5 QX-314 Br sat, 2 NaATP, 0.3 Na-GTP. For current-clamp experiments, the
intracellular solution contained (in mM): 126 K-gluconate, 4 NaCl, 5 HEPES, 15 glucose, 1
K.SO.x7 H,O, 2 BAPTA, 3 NaATP. pH was adjusted to 7.2 and osmolarity adjusted to 295
mOsm. To isolate response of NMDA receptors we added to a perfusion solution: 50 mM
picrotoxin, 20 mM NBQX, 1 mM strychnine, 1 mM CGP-55845, 100 mM MCPG, with zero
Mg=. Toisolate response of GABA., receptors, we added 50 mM APV, 20 mM NBQX, 1 mM
strychnine, 1 mM CGP-55845, 100 mM MCPG. All chemicals were purchased from Tocris
Bioscience. MDA neurons were tested as a subgroup of the set of generated cultures. Their
electrophysiological profile hasn’t shown any legible difference from other cell lines. See

Table 4 for the pattern of effects observed in neurons derived from different stem cell lines.

Live-cell imaging
To measure level of antioxidant, reactive oxygen species (ROS), mitochondrial membrane

potential, lysosomal dynamics, calcium uptake, and cell death, a confocal microscope (ZEISS
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LSM 710/880 with an integrated META detection system) which has illumination intensity
limited to 0.1 -0.2 % of laser output to prevent phototoxicity was used. The antioxidant level
was accessed using glutathione indicator, 50uM Monochlorobimane (mBClI,
ThermoFisherScientific) was incubated for 30 minutes and measured at 420 - 550 nm excited
by a 405 nm laser. To measure mitochondrial membrane potential, cells were incubated with
25nM tetramethylrhodamine methyl ester (TMRM, ThermoFisherScientific) in HBSS for 40
minutes and then imaging was acquired using Zeiss LSM 880 confocal microscope. The 560
nm laser line was used to excite and it was measured above 560 nm. Approximately 3-5
fields of view with Z projections were taken per sample. To measure lysosomal dynamics,
cells were incubated with 50nM LysoTracker™ Deep Red (ThermoFisherScientific), and
Hoechst 33342 in HBSS for 40 minutes and then imaged using Zeiss LSM 880 confocal
microscope where the 405 nm, and 647 nm laser line were used to excite Hoechst 33342 and
LysoTracker™ Deep Red, respectively. Approximately 4-5 fields of view with Z projections
were taken per sample.Calcium uptake was assessed using the dye Fluo-4 AM
(ThermoFisherScientific). Cells were incubated with 5uM Fluo-4 AM in HBSS for 40 min,
followed by two HBSS (Invitrogen) washes. Live-cell imaging was performed excited by a
480 nm laser and measured at 520 nm. A time-series with 5 second intervals was performed
to establish basal fluorescence before 50mM K Cl was added to depolarise the membrane and
measure fluorescence intensity increase, and recovery. To measure cell death, live cells were
incubated with 100nM SY TOX™ Green Nucleic Acid Stain (ThermoFisherScientific), and the
nuclear marker Hoechst 33342 for 40 minutes in HBSS. As SY TOX™ Green is impermeable
to live cells, only dead cells were stained, whereas Hoechst 33342 labelled all cells. Cells
were imaged using the Zeiss LSM 880 confocal microscope where the 405 nm, and the 488
nm laser line were used to excite Hoechst 33342 and SYTOX Green, respectively.

Approximately 4-5 fields of view with Z projections were taken per sample. To measure
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ROS, (mainly superoxide) a cooled camera device (CCD) was used and data were obtained
on an epifluorescence inverted microscope equipped with a 20x fluorite objective. Cells were
loaded with 2uM dihydroethidium (HEt, Molecular Probe) in HBSS. We generated ratios of
the oxidised form (ethidium) exited at 530 nm and measured using a 560 nm longpass filter

versus the reduced form with excitation at 380 nm measured at 415 - 470 nm.

Fluor escent false neurotransmitter (FFN) live-cell DAT imaging

To measure the presence and activity of the DAT, we utilized the commercially available
fluorescent DAT and VMAT2 substrate FFN102 (Abcam, ab120866). To measure the uptake
of the FFN102 dye, a field of view was first found using the brightfield settings on a Zeiss
LSM 880 confocal microscope. The cells then had 10uM of the dye in HBSS added and a
time-series with an exposure every 5 seconds using the 405 nm laser was started, to measure
uptake of the dye into the cells. As a control to confirm specificity, samples in a different
well were pre-treated with 5uM of the DAT inhibitor nomifensine (Sigma) for 10 minutes in
HBSS. Nomifensine was kept in cell solution also after FFN102 was added. Once the dye had
entered cells, the cells were depolarised by the addition of 50mM KCI to observe FFN102
dynamics. Approximately 20 cells were measured per condition/sample and their rate of

fluorescence intensity increase was plotted.

Structured illumination microscopy (SIM)

Samples for SIM were cultured on glass bottom Ibidi 8-well chambers coated with laminin.
They were fixed and stained for intracellular markers as described in the ICC section. SIM
was performed on an Elyra PS.1 microscope (Zeiss), using a 40x oil objective (EC Plan-
Neofluar 40x/1.30 Oil DIC M27). Images were acquired as 15x 0.1 um Z-planes on a

pco.edge SCMOS camera, using 5 grid rotations with the 405 nm (23um grating period), the
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488 nm (28um grating period) and the 561 nm (34um grating period) lasers. Images were
processed and channels aligned using the automatic settings on the ZEN Black software

(Zeiss).

Image analysis

ICC images, lysosomal dynamics, and cell death were analysed using Fiji ImagelJ. Live-cell
imaging quantification was analysed using the ZEN software by getting the fluorescence
intensities of the region of interest for each frame. All graphs and traces were plotted on
Prism 8 (GraphPad), with the exception of Fluo4 traces in Figure 2A, which were analysed

and plotted using Origin 2018 (Microca Software Inc., Northampton, MA).

Statistical analysis

Statistical analysis was performed on Prism 8. To compare two individual groups, a unpaired,
two-tailed t-test was used to generate a p value. When comparing more than two individual
groups, an ordinary one-way ANOVA was used with a post hoc Tukey test for multiple
comparisons between groups. When comparing two individual variables, an ordinary two-
way ANOVA was performed, with a correction of the False Discovery Rate for multiple
comparisons between groups. A p value below 0.05 was considered to be statistically
significant. Results are represented as means + standard error of the mean (SEM), or standard
deviation (SD) where stated in the figure legends. The number of hiPSC lines, number of
cells, and the number of neuronal inductions used for each experiment is stated in the
respective figure legend. The sizes of the sample for each experiment was selected to ensure
that the technical (number of cells, numbers of fields of view, and number of coverslips), and
biological (number of hiPSC lines, and number of neuronal inductions) variation was

adequately captured, and islisted in the respective figure legends.
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Supplementary Table 1. hiPSC lines used in this study

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.287797; this version posted September 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

hiPSC line M utation Age of donor Sex of donor
Ctrl 1 None 78 Male
Ctrl 2 None 51 Male
Ctrl 3 None Unknown Female
Ctrl 4 None 64 Male
AB3T 1 SNCA A53T 54 Female
AB3T 2 SNCA A53T 57 Male
SNCA x3 SNCA locus x3 Unknown Female
Supplementary Table 2. List of antibodies used in thisstudy.
Protein Company Catalogue | Species Dilution
LMX1A Abcam ab139726 | Rabbit 1:500
FOXA2 Santa-Cruz sc-374376 | Mouse 1:100
OTX2 R&D Systems AF1979 Goat 1:500
TH Abcam ab137869 | Rabhit | 1:500 (ICC)
1:200 (Flow)
TH Abcam ab76442 | Chicken 1:500
TUJ1 Biolegend 801201 Mouse | 1:1000 (ICC)
Betalll Tubulin Abcam ab41489 | Chicken | 1:200 (Flow)
MAP2 Abcam ab11267 | Mouse 1:500
GIRK2 Alomone Labs APC-006 | Rabbit 1:400
Total alpha-synuclein Abcam ab138501 | Rabbit 1:200
Filament alpha-synuclein Abcam ab209538 | Rabbit 1:50
Tomm20 Santa-Cruz sc-17764 | Mouse 1:1000
LC3B Cell Signaling Technologies| #3868 Rabbit 1:300
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Supplementary Table 3. List of TagM an™ Gene Expression probes used in this study.

Gene Catalogue Number
FOXAZ2 Hs00232764 _m1
LMX1A Hs00898455 m1

EN1 Hs00154977_m1l

TH Hs00165941 m1

Nurrl Hs00428691 m1

DAT Hs00997374_m1
GIRK2 Hs01040524 m1

SNCA Hs00240906_m1
GAPDH Hs03929097_g1
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Supplementary figure legends

Figure Sl: Gating threshold criteria for flow cytometry analysis and mDA neuron
mar ker expression.

(A) Dot plots showing the selection criteria for stained flow cytometry analysis. Using the
forward scatter, only the circled cluster was selected which corresponds to single cells. Of
this population, only the circled cluster was selected in the middle dot plot, discarding any
debris. Finaly, in the last dot plot, only the DAPI positive cells were selected, after the single
cell and debris discarding gating. (B) Dot plots showing the thresholding gating for the
channels measured. Thresholding gates were determined using the fluorescence minus one
(FMO) controls. In the first dot plot, the TH gate threshold was set by measuring the intensity
in the sample with al stains except the TH stain. In the next dot plot, the -111 Tubulin gate
threshold was set by measuring the intensity in the sample with all stains except for the p-111
Tubulin stain. (C) Quantitative PCR showing an up-regulation of mRNA of mature mDA
markers TH, Nurrl, DAT, and GIRK?2 relative to mDA NPCs (n = 3 different lines across 3
independent neuronal inductions, ns p > 0.05, * p < 0.05, ordinary two-way ANOVA).
Values plotted as +SEM. (D) Representative immunocytochemistry images showing a high
expression of TH as well as the expression of the A9 specific mature mDA neuron marker
GIRK?2 (scale bar = 50um). Smaller image depicts a zoomed in version of the image showing
co-expression of TH and GIRK2 (scale bar = 10um). (E) GIRK2 Antibody specificity
confirmed using the control antigen. The top panel shows GIRK 2 staining using the antibody
as normal. The lower panel shows GIRK2 staining is abolished when the antibody was
incubated with the antigen (GIRK2 sequence) the antibody was raised to, showing antibody

specificity. Scale bar = 20um.
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Figure S2: Single-cell RNA-seq analysis of mDA neurons after 4 weeks of
differentiation.

(A) A dot-plot showing the gene expression profile of the mDA clusters (mDA1-7) and the
forebrain/midbrain neuron (FB/mDA) cluster identified in single-cell RNA-seq in cultures
after 4 weeks of differentiation. Genes annotated in red correspond to mDA NPC markers,
and those in black correspond to mDA neuron markers. Expression of the genes are coloured
based on the expression fold difference and plotted based on the percentage of cells in that
cluster expressing the gene. (B) A heat map showing the expression of genes in the clusters
identified as MDA NPCs (NPCs1-3), forebrain NPCs (FB NPCs), and rostral midbrain NPCs
(RM NPCs) in the culture after 4 weeks of differentiation. Each line represents a cell from
that cluster. (C) A dot-plot showing the gene expression profile of the NPC clusters in
cultures after 4 weeks of differentiation. Genes annotated in red correspond to mDA NPC
markers, and those in black correspond to mDA neuron markers. Expression of the genes are
coloured based on the expression fold difference and plotted based on the percentage of cells
in that cluster expressing the gene. (D) A feature plot showing the expression of SNCA in al

the clusters identified through single-cell RNA-seq at 4 weeks of differentiation.

Figure S3: Measuring Ca®* and DAT functionality in mDA neurons.

(A) Traces showing the Fluo-4 mean fluorescence intensity for each hiPSC line before and
after the addition of 50mM KCI at different weeks of differentiation (n = 15 cells per trace).
Values plotted as the mean of all cells per time point of differentiation. (B) Quantification of
the slope of fluorescence decrease after the addition of 50mM KCI for each time point,
showing the Ca?" efflux recovery rate increase as mDA neurons age (n = 3 hiPSC lines, ns p

> 0.05, ** p < 0.005, *** p = 0.0007, one-way ANOVA). Values plotted as+SEM. (C) Live-
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cell imaging picture of cells after a 30-minute incubation with FFN, showing the dye enters
most MDA neurons. Scale bar = 20um. (D) Traces showing the fluorescence intensity of FFN
inside cells to measure the uptake of the dye in each hiPSC line tested, in the absence, or
presence of DAT inhibitor nomifensine (n = 15-20 cells per condition). Vaues plotted as

+SD.

Figure $4: Characterisation of molecular phenotypesin SNCA PD hiPSC lines.

(A) Relative increase in ROS based on HEt ratiometric fluorescence plotted out for each line
tested (n = 2 coverslips per line, ns p > 0.05, one-way ANOVA). Vaues plotted as + SEM.
(B) The normalised TMRM fluorescence intensity plotted out for each line tested (n = 2-4
fields of view per line, across 2 coverslips per line, ns p > 0.05, ** p < 0.005, one-way
ANOVA). Values plotted as + SEM. (C) Relative percentage of endogenous glutathione
levels based on MCB fluorescence plotted out for each line tested (n = 3-6 fields of view per
line; 2 coverdlips per ling, nsp > 0.05, * p < 0.05, ** p < 0.005, one-way ANOVA). Values
plotted as +SEM. (D) Quantification of the percentage of dead cells from control, and
grouped familial SNCA PD lines (Control =6.7% + 1.2, SNCA PD = 13.0% + 1.9) (n=4-5
fields of view per line, 2 control lines, 2 A53T lines, and 1 SNCA x3 line, 1 neuronal
induction, ** p = 0.0099, Welch’'s t-test). Values plotted as + SEM. (E) Representative
images showing cells labelled with the nuclear marker Hoechst 33342 from control and
SNCA PD lines. Arrows indicate pyknotic cells, defined by the small Hoechst 33342 positive
dense cell area. Scale bar = 20um. (F) i) Quantification of the percentage of pyknotic cellsin
control, A53T, and SNCA x3 hiPSC lines (Control = 14.9% + 1.3, A53T = 18.3% + 1.8,
SNCA x3 = 21.8% * 4.8), and ii) percentage of pyknotic cells in control, and grouped

familial SNCA PD lines (Control = 14.9% + 1.3, SNCA PD = 19.3% + 1.8) (n = 4-5 fields of


https://doi.org/10.1101/2020.09.08.287797
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.08.287797; this version posted September 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

view per line, 2 control lines, 2 AS3T lines, and 1 SNCA x3 line, 1 neuronal induction, ns. p

= 0.059, Welch'st-test). Valuesplotted as + SEM.
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